The crystals of Bacillus thuringiensis strain 1.1 consist of the 140 kDa d-endotoxin, which exhibits b-glucosidase enzymatic activity, based on the following data. (i) Purified crystals exhibit b-glucosidase enzymatic activity. When the crystals are reacted with specific antibodies directed either against the commercial (almond purified) b-glucosidase or against the 140 kDa polypeptide, then considerable reduction of enzymatic activity is observed almost at the same level with both antibodies. (ii) Commercial b-glucosidase and the 140 kDa crystal polypeptide share antigenic similarities; in Western immunoblots, the 140 kDa crystal polypeptide is recognized by anti-b-glucosidase antibodies, and commercial b-glucosidase is recognized by anti-140-kDa antibodies. (iii) The enzymatic properties of commercial b-glucosidase and that resident in the crystals of B. thuringiensis strain 1.1 are very similar. Thus, both enzymes hydrolyze a wide range of substrates (aryl-b-glucosides, disaccharides with a-or b-linkage polysaccharides) and have an optimum activity at 40°C and pH 5. Both enzymes are relatively thermostable and are resistant to end-product inhibition by glucose. Additionally, they show the same pattern of inhibition or activation by several chemical compounds. (iv) The crystals and commercial b-glucosidase show almost equivalent levels of insecticidal activity against Drosophila melanogaster larvae and, furthermore, cause reduction in adult flies that emerge from larvae surviving treatment.
INTRODUCTION
b-Glucosidases (b-D-glucoside glucohydrolase, EC 3.2.1.21) catalyze the transfer of glycosyl groups between oxygen nucleophiles, resulting in the hydrolysis of b-D-glucosidic bond. 1 b-Glucosidases have been isolated from different sources (animals, plants, microbes) and show a high degree of variability with respect to molecular mass, substrate specificity, pH and temperature optima. [2] [3] [4] [5] The increased number of sequenced b-glucosidase genes as well as those of other glycosyl hydrolases lead to their classification on the basis of amino acid sequence similarities. Approximately half of the classified families are polyspecific (containing at least two EC numbers), indicating that the acquisition of new specificities by the glycosyl hydrolases is a common evolutionary event. 6, 7 The acquisition of new specificities opens new perspectives regarding the potential use of these enzymes industrially. Particularly, b-glucosidases are used for multiple purposes in many industries, such as in the wine and fruit juice industries for aroma enhancement, for improvement of aging in young wines, or for the debittering of citrus fruits. Additionally, the principal role of b-glucosidases are their involvement in the biological saccharification of cellulose, the most abundant renewable carbon source on earth. 5, 8 Bacillus thuringiensis is an ubiquitous Gram-positive, spore-forming bacterium that forms a parasporal crystal during the stationary phase of its growth cycle. Crystals consist of one or more proteins known as Cry (crystal proteins) or d-endotoxins. 9, 10 The biological roles of d-endotoxins are in spore activation, 11, 12 and mainly on their specific insecticidal activity against insect species of different orders. [13] [14] [15] For the latter reason d-endotoxins have become key components of integrated pest-management strategies and today are successfully used for the control of certain insects. 10, 13 The mechanism of insecticidal action of dendotoxins involves the solubilization of crystals in the insect midgut. The solubilized crystal proteins are processed by insect midgut proteases to become activated toxins. The activated toxins bind to specific receptors on the apical brush border of the midgut microvillae of susceptible insects and induce ion channels or non-specific pores in the target animal, leading to cell lysis and finally to insect death. 10 Previously, we reported that the crystals of the soilisolated B. thuringiensis strain A4 consist of two dendotoxins of molecular mass 140 kDa and 32 kDa, and exhibit high insecticidal activity against Diptera species. 16 When plasmid curing was applied to this strain, the result was isolation of several subclones exhibiting alternations in their crystal polypeptides. The crystals of one of those, B. thuringiensis strain 1.1, lacked the 32 kDa polypeptide of the parental strain but retained the 140 kDa polypeptide. 16 Consequently, the crystals of this strain present an ideal tool to study the properties of this polypeptide. For this reason, the present study focused on the properties of the 140 kDa crystal polypeptide and revealed that this polypeptide exhibits b-glucosidase enzymatic activity.
MATERIALS AND METHODS

Bacterial strains
The properties and growth conditions of B. thuringiensis strain 1.1 have been previously described. 16 
Purification of B. thuringiensis strain 1.1 crystals
The isolation of crystals was done essentially as previously described. 17 Briefly, a loopful of sporulated culture on CCY-agar of B. thuringiensis strain 1.1 was suspended in 1 ml of sterile distilled water, heat activated (72°C for 30 min), transferred into 100 ml of Penassay broth, and then incubated at 30°C at 220 rpm until its optical density reached the value of 0.6. Afterwards, the culture was transferred into 1 l of CCY broth and incubated at 30°C at 220 rpm until the cells were completely sporulated. Inactivation of proteases was done by the addition of NaCl to the final concentration of 1 M and then the culture was centrifuged at 6000 g for 30 min at 4°C. The sporangial debris was removed from the pellet by washing (~6 times) with ice-cold distilled water, until the spores and crystals were free from debris when viewed by phase-contrast microscopy. The final pellet was resuspended in 50 mM Tris pH 7.5. Spores and crystals were separated using differential ultracentrifugation through a discontinuous sucrose density gradient. A spore/crystal mixture was layered on top of 30 ml discontinuous sucrose gradient, comprising 10 ml each of 45%, 67% and 87% (w/v) sucrose in 50 mM Tris pH 7.5 and centrifuged at 80,000 g for 14 h at 4°C. Crystals formed a major band at the interface between 67% and 87% (w/v) sucrose, while the spores formed a discrete pellet at the bottom of the tube. The crystal band was removed and washed 5 times in sterile distilled water by centrifugation at 15,000 g for 10 min at 4°C, to remove sucrose. The final pellet was resuspended in distilled water and stored at -20°C. The purity of isolated crystals was examined microscopically and by plating a sample on nutrient agar. Only spore-free crystal preparations were used for further experiments.
Solubilization of crystals
Purified crystals were treated for 1 h at 37°C with 100 mM Na 2 CO 3 (pH 12), and the insoluble material was removed by centrifugation at 12,000 g for 20 min. The soluble proteins in the supernatant were precipitated by the addition of 12% (w/v) citric acid until the solution reached pH 5 and then were kept at -20°C for 3 h. After centrifugation at 12,000 g for 10 min, the pellet containing the crystal proteins was washed first with 2 mM sodium citrate and then resuspended in the appropriate solution.
Preparation of antibodies
The preparation and the specificity of polyclonal antisera raised in rats against the denatured form of the 140 kDa crystal polypeptide have been previously described. 16 Almond-purified b-glucosidase (Sigma Chemical Co., St Louis, MO, USA) was emulsified 1:1 with Freund's complete adjuvant and injected (20 mg/ml) subcutaneously into Wistar rats. After three successive immunizations (at 15-day intervals), the polyclonal antisera were harvested, assayed for specificity with Western immunoblots in comparison with pre-immune sera (collected prior to immunization), and finally stored at -20°C for further use. Titration of antisera was done by a series of Western immunoblots using sequential dilution of antisera.
SDS-PAGE and Western immunoblot
Crystal polypeptides were analyzed in 10% SDS-polyacrylamide gels as previously described. 18 Western immunoblot was done essentially as previously described. 19 Nitrocellulose replicas of SDS-PAGE gels were blocked with 2.5% non-fat milk and the polyclonal antibodies were used at dilution of 1/1500 (anti-140 kDa) or 1/1000 (anti-b-glucosidase) in phosphatebuffered saline containing 1% bovine serum albumin. Bound antibody was detected by horseradish peroxidase conjugated anti-rat immunoglobulin at dilution of 1/1500.
Assay of enzymatic activity and protein determination
b-Glucosidase activity of pure samples of crystals or commercial b-glucosidase isolated from almonds was determined by measuring the release of p-nitrophenyl from p-nitrophenyl-b-D-glucopyranoside (PNGP; Sigma), 4methylumbelliferone from 4-methylumbelliferyl b-Dglucoside (MUG; Sigma) or glucose from esculin (6,7-dihydroxycoumarin 6-glucoside; Sigma), salicin (2-[hydroxy-methyl]phenyl-b-D-glucopyranoside; Sigma), IPTG (isopropyl-b-D-thiogalactopyranoside; Sigma), cellobiose (Sigma), lactose (Sigma), sucrose (Sigma) , maltose (Sigma) and starch (Sigma). The final substrate concentrations were 5 mM for PNGP, 1 mM for MUG and 30 mM for all other substances, as previously described. 5 Assay mixtures contained 170 ml of 0.1 M sodium acetate buffer pH 5, 30 ml of the appropriate substrate, and 100 ml of purified crystals (10 12 crystals/ml) or commercial b-glucosidase isolated from almonds (5 U/ml in sterile distilled water), or only distilled water which served as control. The solutions were incubated at 40°C for 60 min and the reaction was terminated by the addition of 700 ml of 50 mM Na 2 CO 3 solution in the case of PNGP, or by boiling for 15 min for all other substrates. The release of p-nitrophenol or 4-methylumbelliferone was measured spectrophotometrically at 410 nm or 450 nm, respectively. 5 Glucose production was measured with a hexokinase/glucose-6phosphate dehydrogenase kit (Sigma, 510A). With PNGP as substrate, 1 U of enzyme activity corresponds to the release of 1 mmol of p-nitrophenol/min. With MUG as substrate, 1 U of enzyme activity corresponds to the release of 1 mmol of aglycone/min. With esculin, salicin and IPTG as substrates, 1 U corresponds to the release of 1 mmol of glucose/min. With cellobiose, maltose and sucrose as substrates, 1 U is defined as the release of 2 mmol of glucose, since a single cleavage yields two molecules of glucose. 1, 5, 8 In all cases, the values of enzymatic activity present the net values after subtraction of the values of controls (all the ingredients except the enzyme, and all the ingredients except the substrate). Protein concentrations were determined with the Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA, USA) by measuring optical density at 595 nm and comparing the results to bovine serum albumin standards. K m and V max values were determined from Michaelis-Menten plots. Values for kinetic parameters obtained by each plot were in close agreement.
Determination of pH optimum
The optimum pH for b-glucosidase was determined by assaying for PNGP activity in 0.1 M sodium acetate buffer with pH ranging from 3 to 8. 2, 5 Temperature optimum and thermostability
The temperature optimum for b-glucosidase was determined by assaying for PNGP activity over a range of temperatures between 5°C and 90°C. Thermostability was tested by pre-incubating enzyme samples at optimum conditions (40°C and pH 5) for up to 72 h and then assaying for residual activity against PNGP. 5
End-product inhibition
The effect of glucose concentration on b-glucosidase was tested by assaying for activity against PNGP at optimum conditions (pH 5 and 40°C) in 0.1 M sodium acetate buffer, containing increasing concentrations (0-60% w/v) of glucose. 5
Effect of various metal ions and chemical compounds on b-glucosidase activity
The effect of various chemical agents on b-glucosidase activity was tested by assaying for activity against PNGP in 0.1 M sodium acetate buffer at optimum conditions (pH 5 and 40°C) containing the appropriate chemical compound. The concentrations of chemical compounds were: 1 mM for ZnCl 2 , MgCl 2 , CaCl 2 , HgCl 2 , CuCl 2 , CoCl 2 , FeCl 3 , NiCl 2 , NiSO 4 , MnCl 2 . 4H 2 O, CdSO 4 , b-mercaptoethanol, and dithiothreitol (DTT), 1 mM or 10 mM for EDTA, 1% or 10% (v/v) for glycerol, 5% or 25% (v/v) for ethanol, 1% or b-Glucosidase enzymatic activity of crystal polypeptide of the Bacillus thuringiensis strain 1.1 217 10% (v/v) for Triton X-100, 1% or 10% (v/v) for NP-40, 0.01%, 0.1% or 1% (w/v) for sodium dodecyl sulfate (SDS) as previously described. 1, 8, 20, 21 Insecticidal activity of purified crystals of B. thuringiensis strain 1.1 Drosophila melanogaster eggs were collected during an 8 h period and 72 ± 4 h later the larvae were removed from the food. Groups of 30 larvae, after washing with 17% (w/v) NaCl solution, were transferred to individual Petri dishes (45 mm diameter) containing a Whatman 3 mm paper moistened with Ringer solution (111 mM NaCl, 1.878 mM KCl, 1.638 mM NaKCO 3 , 1.081 mM CaCl 2 and 0.083 mM NaH 2 PO 4 ) and exposed to various concentrations of purified crystals of B. thuringiensis strain 1.1 or almond-purified b-glucosidase. For comparative analysis, a parallel experiment using only Ringer solution (control) was carried out. Dishes were kept at 24 ± 1°C and 60% humidity for 18 h. After the exposure period, the number of dead larvae was counted in all cases (control and treated). Next, the surviving larvae in each case were washed with Ringer solution and transferred to new individual dishes with food until emergence of adult flies, so as to investigate the long-term effect of the tested substances. Each experiment was repeated at least 3 times, and the number of flies surviving was counted (control and treated). The mortality caused by the tested substances was corrected according to the following equation: (a-b)100/a, where a and b correspond to the number of the surviving adults or larvae in the control and test experiments, respectively, and defined as relative mortality.
Expression of the results and statistical analysis
The data are expressed as the mean ± SD of the values from replicate experiments as shown in the figures. The data were statistically evaluated by the following tests: (i) one-way ANOVA followed by LSD test (data presented in 
RESULTS
Previously, we reported that the crystals of B. thuringiensis strain 1.1 consist of the 140 kDa d-endotoxin. 16 In an attempt to characterize the properties of the crystals, we applied biochemical tests as an easy and quick way to detect possible function. We observed that partially purified crystals showed positive reaction in biochemical tests based on the enzymatic activity of b-glucosidase using esculin or salicin as substrates of the enzyme, while they showed negative reaction in other biochemical tests (data not shown). In order to verify if the b-glucosidase enzymatic activity found in partially purified crystals was due to the crystals and not to some other protein copurified with them, we investigated first if pure preparations of solubilized crystals exhibited b-glucosidase enzymatic activity using PNGP, a common substrate of b-glucosidase. As shown in Figure 1 , purified crystals exhibited b-glucosidase enzymatic activity. The question arises if the observed enzymatic activity of the crystals was correlated with the 140 kDa crystal polypeptide, or to some other crystal polypeptide present in very low amounts in the crystals and, consequently, undetectable by SDS-PAGE. An approach to investigate this question was to inactivate the enzymatic activity of the crystals with specific antibodies directed either against the 140 kDa polypeptide (anti-140) or against commercial bglucosidase purified from almond (anti-b-glucosidase) and then to measure the levels of enzymatic activity. Therefore, if the enzymatic activity was due to the 140 kDa crystal polypeptide, then it should be reduced when the crystals are pre-incubated with either antibody (anti-140, or anti-b-glucosidase), while if the enzymatic activity was due to a different crystal polypeptide then it should be reduced only when the crystals are pre-incubated with 218 Papalazaridou, Charitidou, Sivropoulou antibodies directed against b-glucosidase. For that reason, polyclonal antibodies against almond-purified bglucosidase were raised in rats, which showed specificity since pre-immune sera (collected prior to immunization) did not recognize the pure b-glucosidase in Western immunoblot (Fig. 2D) , in contrast to immune sera (Fig.  2C) . Next, the antisera against b-glucosidase or specific antibodies directed against the 140 kDa crystal polypeptide 16 were allowed to react for 1 h at 37°C with solubilized crystal polypeptides and the enzymatic activity was measured using PNGP. The results ( Fig. 1) showed that the pretreatment of crystals with both antibodies lead to considerable reduction of enzymatic activity and, further, the magnitude of reduction was almost equivalent with both antibodies. Moreover, reduction of enzymatic activity was not observed when the crystals were pretreated with pre-immune sera (anti-140). Consequently, the b-glucosidase enzymatic activity was correlated with the 140 kDa crystal polypeptide.
Since the two polypeptides (almond-purified b-glucosidase and the 140 kDa crystal polypeptide) share functional properties, that is b-glucosidase enzymatic activity, they also should share antigenic determinants based on amino acid similarity of the catalytic domain. 6, 7 For this reason, purified crystals or pure bglucosidase isolated from almonds were analysed by SDS-PAGE and then probed with specific polyclonal antibodies directed either against the 140 kDa crystal polypeptide 16 of this strain or against the almond-purified b-glucosidase. The results showed that specific antibodies directed against the 140-kDa crystal polypeptide 16 recognized in Western immunoblot the almond-purified b-glucosidase ( Fig. 2B ) and, conversely, anti-b-glucosidase antibodies recognized in Western immunoblot the 140 kDa crystal polypeptide (Fig. 2C) . Moreover, titration of both antisera (anti-b-glucosidase or anti-140 kDa antibodies) by a series of Western immunoblots showed that both polypeptides (almondpurified b-glucosidase and crystal polypeptide) were recognized by either antiserum at the same dilutions, indicating that the specificity of both antisera was almost equivalent against both polypeptides (data not shown). Consequently, the crystal polypeptide showed significant antigenic identity with the almond-purified b-glucosidase, as was expected.
The next set of experiments were designed to compare the properties of b-glucosidase resident in the crystals of B. thuringiensis strain 1.1 with the commercial b-glucosidase isolated from almonds.
Determination of pH and temperature optima and thermostability
Purified and solubilized crystals or almond-purified bglucosidase were assayed at various pH values or temperatures against PNGP to determine their optimal pH and temperature activity. Linear regression analysis showed that pH and temperature dependence of the enzyme activity was highly correlated (r = 0.98965 and r = 0.99229, respectively) in both b-glucosidases (almondpurified or crystals). Thus, both enzymes showed considerable levels of enzymatic activity over a range of pH and temperature values between 3.5-6 and 25-60°C, respectively, while optimum activity developed at pH 5 and 40°C (Figs 3 & 4A) . The thermal stability of both b-Glucosidase enzymatic activity of crystal polypeptide of the Bacillus thuringiensis strain 1.1 219 A B C D enzymes was monitored by measuring the enzymatic activity on PNGP after pre-incubation of enzyme samples at 40°C for 72 h (Fig. 4B ). Linear regression analysis showed that the thermal stability of both enzymes was highly correlated (r = 0.99332). Thus, a 50% decrease of the enzymatic activity was obtained within the first 14 h of incubation for both enzymes, while only a slight decrease (5-10%) of enzymatic activity was observed when the incubation time was increased up to 72 h.
End product inhibition
The effect of glucose concentrations, the end product of hydrolysis, on b-glucosidase activity against PNGP is shown in Figure 5 . The results were almost identical for b-glucosidases of both origins as revealed by linear regression analysis (r = 0.99279) and paired t-test (not significantly different). The enzymatic activity was activated when the glucose concentration ranged from 2% to 10% (w/v) and the maximum activation (about 50% increase) was observed at 5% (w/v) glucose concentration. Glucose concentrations higher than 10% caused a gradual decrease in the enzymatic activity, which was abolished at 50% glucose concentration.
Substrate specificity
b-Glucosidase-catalyzed hydrolysis of various substrates was studied at optimum conditions (pH, temperature) and the corresponding K m and V max values were determined from Michaelis-Menten plots ( Table  1 ). Enzymes of both origin (almond-purified or crystals) were able to hydrolyze a wide range of b-glucosidic substrates. The highest enzymatic activity of both enzymes was observed with the aryl-b-glycoside, PNGP, and the lowest with cellobiose. Both enzymes showed the highest of all substrates tested affinity for maltose, since they showed the lowest K m values. The most appropriate substrates of all those tested were lactose and sucrose for b-glucosidase resident in the crystals or that purified from almonds, respectively, since these substrates showed the highest ratio of V max /K m . A B
Effect of various chemical agents on b-glucosidase activity
The effect of various metal ions and several chemical compounds (Fig. 6 ) on the enzymatic activity of bglycosidases of both origins (almond-purified or crystals) was examined and showed to be almost identical (not significantly different by paired t-test Activity assays and substrate concentrations were performed as described in Materials and Methods. PNGP Previously, we reported that the mixture of spores and crystals of B. thuringiensis strain 1.1 exhibited insecticidal activity against Diptera. 16 Consequently, the question arises if the observed insecticidal activity is due only to the crystals and further if it is correlated with the enzymatic activity of the 140 kDa crystal polypeptide. For this reason, we investigated the insecticidal activity of pure crystals and of commercial b-glucosidase to define any possible correlation. Larvae of D. melanogaster were exposed to samples of pure crystals or almond-purified b-glucosidase exhibiting equivalent levels of enzymatic activity and, after an 18 h incubation period, the mortality was recorded. The larvae surviving after treatment were washed and transferred to fresh individual dishes with food and incubated until emergence of adult flies, to investigate the long-term effect of the tested substances. The results shown in Figure 7A ,B demonstrated the following: 1. Pure crystals or almond-purified b-glucosidase exhibited high levels of insecticidal activity against larvae of D. melanogaster (Diptera) in a dosedependent manner. When the above samples were adjusted to contain equivalent levels of b-glucosidase enzymatic activity, they exhibited almost equivalent levels of insecticidal activity. Thus, 4 U/ml of bglucosidase activity present either in the crystals or the almond-purified preparation caused 73% mortality to D. melanogaster larvae (Fig. 7A ).
2. Crystal or almond-purified b-glucosidase caused a dose-dependent mortality in adult flies that emerged from larvae surviving after treatment. The average mortality of adult flies that emerged from untreated (control) larvae was 1.3%, while the average mortality of adult flies that emerged from larvae treated with 4 U/ml of b-glucosidase present in almonds or crystals was 34% and 40%, respectively (Fig. 7B) .
DISCUSSION
The present study shows for the first time that crystals of a B. thuringiensis strain exhibited enzymatic activity, opening new perspectives in B. thuringiensis biology. The enzymatic activity of the 140 kDa crystal polypeptide of B. thuringiensis strain 1.1 is based on the following data:
1. Purified crystals exhibited b-glucosidase enzymatic activity. When the crystals were reacted with specific anti-b-glucosidase antibodies, considerable reduction of the enzymatic activity was observed. Furthermore, when the crystals were reacted with specific antibodies directed against the 140 kDa crystal polypeptide, similar levels of reduction of the enzymatic activity were observed leading to the conclusion that the enzymatic activity of the crystals was correlated with the 140 kDa crystal polypeptide. enzymes (crystal polypeptide and almond-purified bglucosidase) is common, since b-glucosidases isolated from the same (e.g. microbes) or different sources (animals, plants, microbes) show a high degree of variability with respect to molecular mass. [2] [3] [4] [5] 3. The enzymatic properties of b-glucosidase resident in the crystals and that purified from almonds were very similar. Thus, on the basis of substrate specificity, both enzymes may be considered as a broad-specificity b-glucosidases, as they catalyze the hydrolysis of substrate b-glucosidic linkages between glucose and alkyl, aryl or saccharide groups. 8, 20 Both enzymes hydrolyzed a-and b-linkages, and they showed higher activity and affinity for PNGP and for maltose, respectively. But, the enzymes differ on the most appropriate substrate, which is lactose or sucrose for b-glucosidase present in the crystals or that purified from almonds. Additionally, both enzymes developed an optimum activity at pH 5 and 40°C and similar values were observed for other bglucosidases. 2, 3, 21 Both enzymes were relatively thermostable (half-life 14 h) and retained about 40% of their activity over 72 h incubation at 40°C. Thermostability is often determined at the optimum pH for activity, 21, 22 but in some cases greater stability was observed at higher than optimum pH values. 22 Usually, b-glucosidases from thermophilic bacteria retained 5, 8, 20, 22 and in some cases showed long halflives. 5, 22 Furthermore, both enzymes were not only resistant to end-product inhibition, but they were actually activated at glucose concentrations of 2-10% (0.1-0.55 M), while the maximum activation (50%) was observed at 5% glucose concentration. Although rare, there are few reports concerning the enhancement of b-glucosidase by glucose. 2, 5 Finally, both enzymes showed the same pattern of inhibition or activation by several chemical compounds. Thus, the observed strong inhibition of enzymatic activity by Hg 2+ and Cu 2+ observed for both b-glucosidases is typical, and it has been repeatedly reported. 1, 8, 20, 21 The metal ions Zn 2+ , Mg 2+ , Ca 2+ , Fe 3+ and Mn 2+ caused a slight-to-negligible inhibitory effect on enzymatic activity of both enzymes (almondpurified or crystals), as previously observed for other b-glucosidases. 8, 21 Reducing agents (b-mercaptoethanol, dithiothreitol) stimulate the enzymatic activity as previously observed. 1, 8 The stimulatory effect of glycerol on both b-glucosidases can be attributed to b-glucosyltransferase activity, as previously reported. 1 Dose-dependent resistance to SDS-induced inactivation of both enzymes has also been previously reported for a thermostable enzyme, 8 while in most cases SDS caused complete enzyme inactivation. 1, 20, 22 Besides the broad use of b-glucosidases in industry, these enzymes are the subject of increasing interest because of their involvement in the biological saccharification of cellulose, the most abundant renewable carbon source on earth. Cellulases are multicomponent complexes often composed of endoglucanases, cellobiohydrolases and b-glucosidases that result in cellulose degradation. Cellulase components act in a stepwise process and they are frequently subject to end-product inhibition. 1, 5 Since most b-glucosidases are sensitive to glucose inhibition and often are unstable, undergoing a rapid inactivation during the reaction, 23 the end-product inhibition and the thermal inactivation of b-glucosidases constitute two major barriers for the realization of enzymatic cellulose hydrolysis as a commercial process. Therefore, the bglucosidase present in the crystals of B. thuringiensis strain 1.1 which is resistant to end-product inhibition and exhibits a relatively long half-life (14 h) is suitable for such applications. Furthermore, the low cost of development, the high crystal yields, that can account for 20-30% of the dry weight of sporulated B. thuringiensis cells 24 make the crystals of this strain an ideal source for the enzyme.
4. The crystals of this strain showed insecticidal activity against D. melanogaster larvae and, furthermore, caused considerable reduction (34-40% compared to 1.3% of control) in adult flies that emerged from larvae surviving treatment. Additionally, a correlation exists between the insecticidal activity of crystals and their bglucosidase enzymatic activity since equivalent levels of insecticidal activity were observed when the larvae were exposed to samples of crystals or commercial bglucosidase exhibiting equivalent levels of enzymatic activity. Consequently, the enzymatic activity either contributes to, or is solely responsible for, the toxicity of the 140 kDa polypeptide.
The enzymatic nature of a crystal polypeptide is a novel finding and no other Cry protein, as far as we know, has been shown to possess enzymatic activity. This led us to examine whether similarities exist among known Cry genes and b-glucosidases. It is known that all b-glucosidases (glucosyl hydrolases family 1) share two conserved regions, designated as consensus patterns 1 and 2, of which consensus pattern 1 has been shown to be directly involved in glycosidic bond cleavage by acting as a nucleophile (Prosite Database of Protein Families and Domains, documentation entry PD0C00495). Computer-assisted analysis of similarity between the consensus patterns 1 and 2 with known Cry genes showed that even though some level of similarity (60-70%) exists between the three-dimensional structures of known Cry proteins (Cry1Aa1, Cry3Aa5) and consensus patterns 1 and 2, it is not clear whether this reflects functional similarity, since analogous levels of similarity were observed in several other proteins. Consequently, it remains unknown whether the 140 kDa protein is related to the existing family of d-endotoxins and this is supported by the lack of detection of homologous genes in B. thuringiensis strain 1.1 by PCR analysis using primers specific for 39 holotypes of the Cry genes (data not shown). Therefore, extensive studies of this gene are particularly important since the enzymatic properties of its product open new perspectives regarding the mechanism of insecticidal action and to the biological significance of crystal polypeptides in the context of the bacterium.
